Numerous prokaryote genomes contain structures known as clustered regularly interspaced short palindromic repeats (CRISPRs), composed of 25-50 bp repeats separated by unique sequence spacers of similar length. CRISPR structures are found in the vicinity of four genes named cas1 to cas4. In silico analysis revealed another cluster of three genes associated with CRISPR structures in many bacterial species, named here as cas1B, cas5 and cas6, and also revealed a certain number of spacers that have homology with extant genes, most frequently derived from phages, but also derived from other extrachromosomal elements. Sequence analysis of CRISPR structures from 24 strains of Streptococcus thermophilus and Streptococcus vestibularis confirmed the homology of spacers with extrachromosomal elements. Phage sensitivity of S. thermophilus strains appears to be correlated with the number of spacers in the CRISPR locus the strain carries. The authors suggest that the spacer elements are the traces of past invasions by extrachromosomal elements, and hypothesize that they provide the cell immunity against phage infection, and more generally foreign DNA expression, by coding an anti-sense RNA. The presence of gene fragments in CRISPR structures and the nuclease motifs in cas genes of both cluster types suggests that CRISPR formation involves a DNA degradation step.
INTRODUCTION
Genomic sequencing revealed the existence of short direct repeats, 25-50 nucleotides long, interspaced by unique sequences of similar size, in bacterial and archaeal genomes (van Belkum et al., 1998) . These elements were proposed to form a family, known as CRISPRs, clustered regularly interspaced short palindromic repeats (Jansen et al., 2002) . CRISPR loci show a high level of polymorphism in different strains, and this property had been used for identification of clinical isolates of Mycobacterium tuberculosis (Groenen et al., 1993; Kamerbeek et al., 1997) , Streptococcus pyogenes (Hoe et al., 1999) and Campylobacter jejuni (Schouls et al., 2003) . Four genes, designated cas1 to cas4, were found adjacent to CRISPR loci in different bacteria, suggesting a functional relationship with repeated sequences (Jansen et al., 2002) . Cas3 and Cas4 have motifs characteristic for helicases of superfamily 2, and the recB exonuclease family, respectively. However, the mechanism of CRISPR structure formation, and the biological function of CRISPRs are not known. Recently, it has been reported that CRISPR elements in Yersinia pestis acquire new repeats by preferential uptake of bacteriophage DNA (Pourcel et al., 2005) . We report here that many spacers have homology with known genes, most often derived from extrachromosomal elements such as phages and plasmids. We propose that the formation of CRISPR structures involves DNA fragmentation by cas genes, and that the apparent stability and widespread presence of CRISPRs in bacterial genomes may be due their protective function against foreign DNA invasion.
METHODS
Bacterial strains and DNA preparation. Bacterial strains used in this study are listed in Table 1 . The phage-resistance profile of some strains has been obtained from different sources (Fayard 1993 ; M.-C. Chopin, Génétique Microbienne, Institut National de la Recherche Agronomique, personal communication). Streptococcus thermophilus cells were grown in M17 medium (Terzaghi & Sandine, 1975) supplemented with 1 % (w/v) lactose at 42 uC in anaerobic conditions. Chromosomal DNA was extracted as described by Simpson et al. (1993) .
CRISPR locus amplification and sequencing. The CRISPR locus was identified using the complete sequence of S. thermophilus CNRZ1066 (Bolotin et al., 2004) . The primers for PCR amplification were selected from regions 207 bp upstream (yc70, Abbreviations: COG, clusters of orthologous groups; CRISPR, clustered regularly interspaced short palindromic repeat.
The GenBank/EMBL/DDBJ accession numbers for the sequences reported in this paper are DQ072985-DQ073008.
Two tables showing the homology of the spacers with database sequences are available as supplementary material with the online version of this paper.
TGCTGAGACAACCTAGTCTCTC) and 214 bp downstream (yc31, GCAACGACAGGAAGCGACCAAA) of the identified CRISPR locus. These primers were used for PCR with an annealing temperature 55 uC. The primers yb82, TACTCTCAAGATTTAAGTAACTGTAC, corresponding to the 'direct' strand of CRISPR, and yb83, GTACA-GTTACTTAAATCTTGAGAGTA, corresponding to the 'reverse' strand were also used for testing of presence of repeats.
The complete sequences of PCR-amplified fragments corresponding to different CRISPR loci were obtained by primer walking. The sequences of these primers can be provided upon request to A. B. For sequence analysis the loci were divided into direct repeats and corresponding spacer sequences. These were named using acronyms composed of the strain identifier followed by a one letter descriptor ('d' for the repeats and 's' for spacers), and a number referring to the position of the element within the locus.
Spacer sequences were analysed for homology against themselves and the NCBI entrez nucleotide sequence database. CLUSTAL (Higgins & Sharp, 1989) software was used for sequence alignment.
Nucleotide and protein sequences. Nucleotide sequences of CRISPR loci of different bacterial strains were obtained from the NCBI (www.ncbi.nlm.nih.gov) database, corresponding accession nos are given in parentheses after the strain systematic name. cas genes sequences were obtained from NCBI, MBGD (http://mbgd. genome.ad.jp) and ERGO (http://ergo.integratedgenomics.com/ ERGO) databases. Assignment of the genes was based on sequence conservation, the MBGD COG (clusters of orthologous groups) database and proximity on the genome, determined in most cases by using the 'pinned region' function of ERGO or the genome comparison facility of MBGD.
GenBank sequence accession nos. Nucleotide sequences were deposited in GenBank under the accession nos DQ072985-DQ073008.
RESULTS
The S. thermophilus CRISPR locus and associated genes Analysis of S. thermophilus CNRZ1066 complete genome sequence (Bolotin et al., 2004 ) revealed a locus of 2?7 kb, having a typical CRISPR organization (Mojica et al., 2000) : 42 repeats of 36 bp, GTTTTTGTACTCTCAAGATTT-AAGTAACTGTACAAC, separated by unique sequence spacers of 30 bp (Fig. 1) . The locus contains two duplications: one of five repeats and five spacers, and the other of one repeat and one spacer.
A gene localized upstream of the locus, str0658, encodes a homologue of the Cas1 protein, which is invariably associated with CRISPR repeats (Jansen et al., 2002) , but the three other CRISPR-associated genes, cas2, cas3 and cas4, are absent. However, our analysis revealed that str0658 and the two flanking genes, str0657 and str0659, which we term herewith cas5 and cas6, respectively, have homologues that are clustered in numerous bacterial species, belonging to widely divergent phylogenetic groups (Fig. 2a) . Remarkably, the homologues of the cas1 gene are associated either with the cas2, cas3 and cas4 homologues, or with the cas5 and cas6 homologues, but never with both (Fig. 2a) . Furthermore, the cas1 genes group in two clusters, cas1A and cas1B (Fig. 2b) ; the former is always associated with cas2, cas3 and cas4, and the latter with cas5 and cas6 genes. Both types of gene (cas1A and cas1B) are present in some species (S. pyogenes, Fusobacterium nucleatum), but each clusters with other members of the corresponding subgroup ( Fig. 2b ). Previous analysis of cas1 genes, referred to as COG 1518 (Makarova et al., 2002) , placed the seven members of the cas1B subgroup that were available at the time on a clearly separated branch of the phylogenetic tree.
cas1B, cas5 and cas6 genes are localized downstream of the CRISPR cluster (illustrated in Fig. 2c for the genomes accessible in the ERGO database). A truncated repeat in the orientation opposite to that found within the CRISPR structure is often present upstream of the cluster (Fig. 2c) . Clustering of the cas1, cas5 and cas6 genes (referred to as COG 1518, COG 3513 and COG 3512, respectively) in four bacterial genomes was previously noticed (Makarova et al., 2002) , but the association of the cluster with CRISPR structures was not reported.
The Cas5 family groups large proteins (>1100 aa) that carry an HNH motif present in various nucleases, including colicin E9, which causes cell death by introducing doublestranded breaks into DNA, and a number of restriction enzymes (Walker et al., 2002; Maté & Kleanthous, 2004; Saravanan et al., 2004) . The Cas6 family groups short proteins (~100 aa) of high pI, the features found in the Cas2 (short) and Cas1 (high pI) families, but there is no sequence homology between Cas6 and other proteins in the databases.
CRISPR spacers have homology with extant genes CRISPR loci were found close to cas1 genes in about 50 of the 198 complete genomes available in the NCBI database. They totalled 2156 spacers, 44 of which are homologous to other genes, in addition to those from S. thermophilus and Streptococcus vestibularis, described in detail below. The 44 spacers are carried in 4 archaeal and 10 bacterial species, spanning a broad phylogenetic range (Table 1) . Most (29 out of 44) are homologous to phage genes, even if they were identified on complete genomes (see Supplementary  Table 1 available with the online journal for a detailed analysis). A striking case is that of S. pyogenes, which carries two short CRISPR structures close to the cas1A and cas1B genes, containing three and six spacers, respectively. All spacers of the former, and five of the latter are homologous to S. pyogenes prophage genes.
About a third of the 44 spacers are homologous with genes with no obvious extrachromosomal origin. Remarkably, six of these share homology with genes that reside in the vicinity of extrachromosomally derived genes, three share homology with genes of aberrant G+C content (up to 59 mol% G+C, compared to 47 mol% G+C over the entire Porphyromonas gingivalis W83 genome) and two share homology with genes from regions where the gene order differs from that of phylogenetically close genomes (Clostridium tetani E88).
Horizontal transfer could lead to the gene organization observed in all these cases.
CRISPR alleles in different S. thermophilus strains
To further examine the finding that CRISPR spacers can have phage origin, or more generally extrachromosomal origin, we analysed the CRISPR alleles of 22 S. thermophilus and 2 S. vestibularis strains. This was prompted by the consideration that phages of lactic acid bacteria are among the best characterized in respect of genome data (Brussow & Hendrix, 2002) , and that lactic acid bacteria are exposed frequently to phage attacks under the conditions of dairy fermentations.
PCR reactions with primers homologous to two regions flanking the CRISPR structure (yc70 and yc31) yielded a single band of varying lengths for different strains (Fig. 3) . The PCR products were sequenced, and the results are summarized in Table 2 . The number of repeats varied between 10 and 51 for different CRISPR alleles. The repeats were strictly identical, with the exception of 38 out of a total of 632 (6 %). The slightly divergent repeats (less than 3 out of 36 bp difference) were mostly situated in the last position of an allele. The length of spacers comprised between 28 and 32 bp, being 30 for 556 of the 618 spacers (90 %). The total length of the CRISPR loci (from the first nucleotide of the first repeat to the last nucleotide of the last repeat) varied between 628 and 3404 bp. Three identical CRISPR loci were present in more than one strain (groups A, B and C, found in five, two and two strains, respectively; Table 2 ). Internal duplications were detected in almost a quarter of the loci, indicating a substantial level of recombination in CRISPR structures.
The 519 spacers of the 20 different CRISPR loci were compared, and 349 (70 % of the total) were found to be unique. At least one example of each unique spacer must have been acquired in a separate event, presumably involving a CRISPR-specific mechanism (see below). In contrast, the identical spacers present in different strains could have been transferred laterally from a donor to a recipient strain, and integrated at a CRISPR locus of the recipient strain by general homologous recombination. The number of spacers common to different strains is summarized in Table 3 .
S. thermophilus spacers are homologous to extrachromosomal elements
Out of 349 unique spacers some 124 (36 %) had significant matches (E<0?001) with sequences in the NCBI nucleotide database. The best matches were with phages of streptococci (75 %), and plasmids of S. thermophilus or Lactococcus lactis (20 %). A list of the spacers that have 100 % identity to regions of phages and plasmids is presented in Supplementary Table 2, available with the online journal. Different CRISPR alleles had spacers matching different phages; the number of matching spacers at different alleles was between 0 and 21 (Table 2) . No particular phage region was found to match the spacers, as illustrated for the phage Sfi21 (Fig. 4) and also found for other fully sequenced phages (data not shown). The order of spacers within a CRISPR allele did not correspond to the order of matching regions along the phage genome. However, spacers were homologous predominantly with one of the phage strands, as illustrated for Sfi21 (Fig. 4) and also found for all fully sequenced phages, where the bias for 27 unique spacers strictly identical with phage sequences was about 3?5 to 1 (21 to 6). As this strand is predominantly coding, the orientation of the spacers relative to the phage ORFs was biased to a similar extent (3?4 to 1; 17 of the 22 unique spacers homologous to an ORF had an orientation corresponding to that of the ORF; Table 3 ).
Alignment of 70 bp regions from extrachromosomal elements that comprised 30 bp of 100 % homology with a spacer revealed no similarities other than a 5 bp degenerate sequence, Pu-py-A-A-a, situated downstream from the spacer-matching stretch (Fig. 5) . It might be significant that this sequence matches the end of the S. thermophilus repeat (...ACAAC), with the exception of the very terminal base, and that it is purine-rich, as are the corresponding ends of CRISPR repeats from many other organisms, having a consensus ...GAAAC (Mojica et al., 2000) .
Phage resistance of S. thermophilus is correlated with the number of spacers in a CRISPR locus
As many spacers in the CRISPR loci have homology with phage sequences, we searched for a correlation between CRISPR properties and a phage-related phenotype. A previous study reported the phage-resistance profile of a number of S. thermophilus strains (Fayard, 1993) . The results Fig. 3 . Identification of the CRISPR locus in S. thermophilus and S. vestibularis. PCR was carried out with primers yc31 and yc70, and the products were analysed by gel electrophoresis. Strain designation is indicated above the lanes, and details are given in Table 2 . DLocus length is given in bp, from the first nucleotide of the first repeat to the last nucleotide of the last repeat. dAll spacers of identical alleles are indicated. §E<0?001. GenBank entries are indicated in parentheses. ||Given as a ratio of propagating phages to total tested. ND, no data.
Strain described by Stanley et al. (1999) . #Strain described by Le Marrec et al. (1997) . The number of spacers common to the displayed strains is shown. LMGs  QB05  QB06  QB07  QB08  QB09  QB10  QB11  QB12  QB13  QB14  QB16  QB17  QB18  QB19  QB20  QB21  QB22  QB23  QB24  QB25  QB26  QB27  QB28 for a panel of 59 phages tested on a number of strains for which we determined the CRISPR locus sequence are summarized in Table 2 and displayed in Fig. 6 . A negative correlation between the number of spacers at a locus and the sensitivity of the strain to phage infection (expressed as a proportion of phages able to propagate on a strain) is observed. About half of the variance of phage sensitivity for nine strains infected by at least one phage can be explained by the number of spacers (R 2 , 0?51; Fig. 6 ). The five strains resistant to all phages (Fig. 6) were not included in the former group, as they may encode dominant, CRISPR-independent, phage-resistant determinants. When the data obtained for additional strains, tested with a smaller panel of seven phages, were examined (Table 1; M.-C. Chopin, personal communication) no correlation was seen, possibly due to the small sample size (Fig. 6) . However, when all the data were pooled, the correlation was still significant (R 2 , 0?43), suggesting that the small panel results may be not very different from those obtained with the large panel.
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DISCUSSION
About 40 % of S. thermophilus CRISPR spacers show significant homology to sequences in the NCBI database. An overwhelming majority of these are homologous to S. thermophilus phages (75 %), and a substantial fraction to S. thermophilus and Lactococcus lactis plasmids (20 %). This indicates the extrachromosomal origin of many CRISPR spacers in S. thermophilus. Are the other spacers in S. thermophilus of a similar origin? At present, the complete sequences of 6 S. thermophilus phages and 6 other lactic acid bacteria phages have been reported (Desiere et al., 2002) ; these 12 constitute possibly the most thoroughly characterized phage group, with respect to genome data (Brussow & Hendrix, 2002) . In addition, the NCBI database contains partial or complete sequences of over 20 S. thermophilus and 67 Lactococcus lactis plasmids. However, many more S. thermophilus phages and plasmids have still to be sequenced, and it is thus tempting to speculate that many more spacers in this organism have extrachromosomal origin. As these elements must have been invading S. thermophilus strains during their evolutionary history, we suggest that CRISPR spacers reflect past phage and plasmid infections.
An extrachromosomal origin of spacers is not limited to S. thermophilus, as it is found in many other bacteria and archaea. However, some spacers are homologous with genes that are not clearly related to extrachromosomal genes. Remarkably, these genes are frequently (in~75 % of cases) located in the vicinity of extrachromosomally derived genes, or in regions potentially transferred from unrelated organisms, or in regions where gene order differs from that of the phylogenetically close genomes. Horizontal gene transfer may underlie all these cases, suggesting that incorporation of gene fragments into CRISPR structures might take place upon invasion of a prokaryote cell by foreign DNA. This invasion may be most often mediated by the extrachromosomal elements, but could also be due to other processes, such as DNA transformation. Nevertheless, the overwhelming majority of CRISPR spacers (98 %) have no homology with known genes. The further accumulation of sequences in the databases may reveal the origin of these spacers.
The mechanism of CRISPR generation is not known, but the cas genes, which are invariably closely linked to the CRISPR structures, are presumably involved in this process, as was previously pointed out by Jansen et al. (2002) . The process should involve the formation of segments of a defined size, destined to become spacers, and their linkage to the repeated element. The presence of exonuclease motifs of the recB type in the cas4 genes, and the HNH endonuclease motif in the cas5 genes prompts us to suggest that the segments are formed by a nucleolytic activity, but in two different ways. The Cas4 exonuclease might act from an end, as does the RecBCD enzyme complex, aided by a Cas3 helicase, which generates oligonucleotides (Singleton et al., Fig. 4 . Localization of spacer-matching sequences along the phage Sfi21 genome. The phage genetic map is drawn after GenBank entry NC_000872 (ORFs are shown as arrows), the regions involved in different stages of phage development, identified by comparative analysis (Desiere et al., 2002) , are indicated above the map, and the scale (in kb) below it. Phage regions having a BLAST E score <0?001 with the CRISPR spacers are indicated by the diamonds placed above or below the map, denoting homology with the top or the bottom DNA strand, respectively.
2004 and references therein). In contrast, the Cas5 endonuclease might excise the segments by internal DNA cleavage, possibly directed by the short conserved sequence that we identified in the extrachromosomal donor elements at a constant position relative to the spacer-matching region. A precedent for this type of activity is the action of Fig. 5 . The consensus sequence adjacent to a CRISPR spacer-matching DNA stretch. The top part of the figure shows an alignment of DNA regions of different phages and plasmids containing a region identical with a CRISPR spacer. The identity of the matching spacer, GenBank ID of the sequence and the coordinates of the displayed region are given on the left. The box and grey zone identify the spacer-matching sequence and the consensus sequence, respectively. The middle part of the figure shows a CLUSTALgenerated display of the nucleotide SD for each position of the displayed sequence. The bottom part of the figure shows a summary of the nucleotide frequencies at the positions with high SDs and the deduced consensus sequence. Capital and small letters identify the positions containing >80 % or >60 %, respectively, of one or two bases. type III restriction enzymes, which cut 25 to 27 bases from their recognition site (see Dryden et al., 2001 for a review). The type III restriction enzyme-like endonucleolytic action might be polar, as it involves tracking on the DNA, which could account for the biased orientation of the phagederived spacers in the S. thermophilus CRISPR structures. We envisage that the Cas1 proteins, encoded by the two related genes, cas1A and cas1B, found in the two types of cas gene clusters, may be involved in the process of linking the DNA segments to the repeats. Biochemical study of Cas proteins should allow us to test this model of CRISPR formation.
The biological role of CRISPR elements is not known, although it was suggested that this element plays a role in replicon partitioning (Mojica et al., 1995; She et al., 1998) . A protein that binds to the repeats was purified from Sulfolobus solfataricus, and it was suggested that it might be involved in DNA condensation of the CRISPR structures (Peng et al., 2003) . Here we report a correlation between the number of spacers in a locus and the resistance of S. thermophilus to phage infection, suggesting that CRISPRs can have a different biological role, protecting the bacteria against phage attack. How could such protection be mediated? A possible mechanism is via anti-sense RNA inhibition of phage gene expression, which is supported by the following observations. First, spacers that are homologous to phage coding sequences can have either of the two orientations within a CRISPR locus, and thus give rise to anti-sense RNA, irrespective of the direction of locus transcription. Second, CRISPR loci do appear to be transcribed, as reported for Archeoglobus fulgidus (Tang et al., 2002) and Sulfolobus solfataricus (Tang et al., 2005) , and can thus generate the anti-sense RNA. It was proposed that various anti-sense short RNAs might regulate gene expression (Tang et al., 2005) . Third, it was shown that anti-sense RNA inhibits phage propagation (Sturino & Klaenhammer, 2002 , 2004 . Studies combining fully sequenced phages and strains with characterized CRISPR loci should allow further testing of this hypothesis, notwithstanding the fact that, besides the effect of CRISPR, many other factors also contribute to phage resistance (see Coffey & Ross, 2002 for a recent review). Finally, CRISPR spacers could protect bacteria not only against phage infection, but also against invasion by other extrachromosomal elements, inhibiting expression of the genes they carry. Horizontal exchanges between CRISPR elements, which we detected by comparing different loci, could extend the protective range to extrachromosomal elements that have not yet invaded a particular strain. Such a beneficial, protective role could account for the wide spread and the apparent stability of CRISPR structures among prokaryotes. 
